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Antiferromagnetism in Zn-doped La,CuQO, as observed by muon spin resonance spectroscopy

M. Ekstran,}* O. Hartmanr, E. Karlssont E. Lidstran,! P. Granberd,and M. Nygren
lUppsala University, Department of Physics, Uppsala, Sweden
2Uppsala University, Department of Technology, Uppsala, Sweden
3Stockholm University, Department of Inorganic Chemistry, Arrhenius Laboratory, Stockholm, Sweden
(Received 6 June 2000; revised manuscript received 29 May 2001; published 23 Octobgr 2001

The local fields seen by positive muons implanted in Zn-dopedgCL®), show a distribution with a main

peak attributed to muon sites far from the Zn ions and a satellite structure corresponding to muons residing
closer to the Zn. The temperature dependence indicates a strong loss of magnetic order for Cu moments near
the Zn atoms. The data can be understood in terms of a model where a Zn ion not only introduces a vacancy
in the magnetic Cu lattice but also creates a RKKY-type disturbance. The electron spin polarization around the
Zn ions induces a change of the magnetic moments on surrounding Cu ions. The AF lattice is found to be
strongly perturbed within a radius of 10 A around each Zn ion. Possible consequences for the superconduc-
tivity of the corresponding Sr-doped materials are discussed.
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l. INTRODUCTION (magnetic susceptibility, neutron scattering, &&). The
1SR method provides a measure of the local fields in which
La,CuQ, is, to a first approximation, an insulator where the implanted muons precess. In the present work we have
the Cu moments in the GR)0O, planes order antiferromag- used this method, combined with information from suscepti-
netically. It was the base material for the first high temperability measurements. For an undoped sample, the low tem-
ture superconductorfsThe material becomes superconduct-perature precession frequency is 5.7 MHz, which corre-
ing when holes are introduced into the(@)O, planes. This  sponds to a local field at the muon site of 842 mT. This
can be accomplished by doping with Ba or Sr, although thevalue is in good agreement with calculations using a dipole
dopants enter the rare earth site. model assuming that the muons are located at interstitial po-
One type of experiments that may lead to a better undersitions (0.253, 0, 0.16¢ in lattice units, in the LgCuQ,
standing of the cuprate superconductors is the study of efattice. The Cu ions have magnetic moments of &5. In
fects caused by small changes of chemical composition. It ithe Zn-doped samples, Zn is found to substitute Cu atoms in
known that doping of cuprate superconductors with Zn giveshe Cu(2)Q plane, thereby removing one Cu moment from
a considerably stronger reduction of the superconductinghe antiferromagnetically ordered lattice. This leads locally
temperature than doping with other impurities, both in theto a weakening of the correlation between the nearby Cu
La- and Y-based systems, although the doping does not moments and thereby to a lowering of théeNeemperature.
affect the carrier density appreciallyThe Zn-effect has This should lead to a distribution of fields at the muon sites,
been discussed in terms of a destruction by Zn impurities ofvith muons implanted close to Zn atoms having local field
a possible spin-fluctuation-mediated pairing mechariism. values B, different from those observed for the undoped
particular, one experiment has indicated that charge carriesamples.
scattering cannot give rise to pair breaking if the interaction The muon experiments were carried out at th@R sur-
is of s symmetry, but such a possibility would still exist fdr face muon beamline at ISIS, UK, in a zero field setup. We
waves® In another work, it was concluded that Zn only performed a detailed study of the field distribution seen by
reduces the mean free path without breaking pairs. Othethe implanted muons for different Zn doping8-5 at. %
experimental work on Zn-doped cuprate superconductors irand also studied its variation with temperature ud {o(see
clude La-NQR studies on Zn-doped 4Gu0O, (Ref. 8§ and  Sec. lll). The results are interpreted in terms of a model
Y-NMR on Zn-doped YBaCu;Og_.° In the former, it is  where the Zn not only removes a Cu moment but also affects
argued thafT decreases witk in a way close to the one the neighboring Cu moments via an RKKY interaction. A
expected when diluting a quasi-two-dimensional Heisenbergimilar model was earlier discussed by Walstettl® for
magnet on a square lattice, while the sublattice magnetiza¥Ba,Cu, 972Ny 08070 Where the Zn also primarily substitutes
tion is only slightly affected by Zn doping. In the latter it is the Cu in the Cu(2)@planes. Possible consequences for the
stated that Zn increases the magnetic moments of the nearestperconductivity of the corresponding (Z&r) -doped
neighbor Cu ions and therefore causes a relatively strongompounds are discussed in Section 4.
magnetic perturbation in the AF lattice. For a quantitative

explanation in terms of Cu-moment perturbation, these per- Il. SAMPLE PREPARATION
turbations must, however, be extended relatively far out from '
the Zn ions. Samples of the composition k@u; _,Zn,O, with x=0,

The magnetic properties of b@&u, ,Zn,O, have earlier 0.03, 0.05 and 0.07 were prepared by milling appropriate
been examined by several groups and with different methodamounts of powders of L&;, CuO (99.9% Johnson Mat-
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TABLE |. Fitted cell parameters for the different compositionsTat25 °C.

Composition a(A) b(A) c(A) V(A3)
La,Cu0, 5.35724) 5.40514) 13.145611) 380.65
La,Cly 6ZN0,6:04 5.35914) 5.41255) 13.131314) 380.89
La,Cly 620,004 5.36406) 5.41606) 13.1225%18) 381.23
LayCly 6ZM0,0:04 5.36465) 5.42145) 13.117014) 381.48

they) and ZnO(Fotofax in a Sialon milling medium. Priorto  Fig. 1 the muon frequency and the normalized damping of
its use, LaO; was heat treated at 1000 °Qrfdh inorder to  the muon signal are shown as functions of temperature. The
ensure that it did not contain any moisture or OH groupsloss of the precessing signal and the divergence of the damp-
The powder mixtures were pressed into pellets which weréng is a good indication of the ordering temperatiizg.
heated in air at 1100 °C for 3 days and this procedure was Assuming that the N& temperature depends on the Zn
repeated until single phase samples were obtaiseel Table concentrationx as Ty(X)/Tn(0)=1-x/x., our uSR data
I). The samples obtained were characterized by x-ray powdéeads to a critical concentration of=0.16, which agrees
diffraction with a Guinier-Hgg camera using CK, radia-  with earlier published dat¥. This is to be compared with
tion and with Si added as internal standard. The films were,;~0.41 predicted by percolation thedf/.These results
evaluated with a scanner systémn. demonstrate that Zn doping gives a significantly greater ef-

Single phase samples of the compositionCa, _,Zn,O,  fect than the removal of one Cu moment per Zn ion. A first
with x=0, 0.03, 0.05, and 0.07 were obtained. The observeéstimate of the effective perturbation radius around each Zn
unit cell parameters are given in Table I. It can be concludedon can be obtained assuming an even distribution of Zn in
thata, b, andV increase with increasing value while thec  the planar AFM lattice of the Q2)0O, planes. The Zn ions
axis decreases. An increase in the unit cell volume is exwould then be separated by a distange=a+/1/7wx, wherea
pected as the ionic radius of the Znis larger than that of is the Cu-Cu distance=3.779 A). Forx,=0.16, the value
Cu™. of the effective radiust ¢, is 1.4a (=5.3 A). This value

will be further discussed below.

Ill. MAGNETIC FIELD DISTRIBUTIONS
o B. Internal magnetic field distributions
A. Magnetization measurements ) ) ) )
A typical time-spectrum in the AF-ordered state is shown

Measurements to determirig, were first made using @ iy Fig 2. The spectrum consists essentially of a precessing
SQUID magnetometer but it was found that the muon datgigna| from muons in an ordered magnetic enviroment plus a
provided more reliable values for the different samples. 'r\/veakly damped nonprecessing signal. The first fraction of a

us after the proton pulse could not be observed with the

& £g, present instrumentation, but there is no indication of any fast
54 gs,i 2 =s _ decaying component in the spectra. The data can therefore to
4 * £ @ = a first approximation be described by a function
7 b
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FIG. 1. Muon precession frequencies observed in Zn doped
La,CuQ, and the corresponding normalized relaxation rates FIG. 2. uSR time spectrum of 3% Zn doped JGuO, at T

(N2mv,,). =25 K.
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FIG. 3. (& Distribution of local fields seen by the muon as  FIG. 4. Calculated magnitudes of Cu moments disturbed by
obtained by maximum entropy analysis for 5% Zn dopingTat nearby Zn atoms. The calculation was made for 3% Zn. The model
=25 K. (b) The corresponding distribution obtained by fitting the js described in the text. The inset is a graphical representation.
time spectrum to a two-component function.

lite. The temperature dependence of the main frequency,
where the nonprecessing tedy,, with only a weak Gauss- = w,/2m, is almost identical with that given in Fig. 1.
ian relaxation, contains the 1/3 tail of the precessing muons
and also the muons implanted in environments with zero C. A theoretical model
local fields. The observed precessing sigAg(t), which i i i )
together with its 1/3 tail, constitutes about 50% of the total  Qur model is based on the assumption that Zn ions in the
observable signal, is the part of interest in the following dis-CU2)O planes not only remove one Cu moment but that they
cussion.(The nonprecessing signal is unusually large and s@iso, via an RK_KY-_I|ke redistribution of thg electron density
weakly damped that we regard it as originating mainly from@nd Spin polarization, cause a change in the moments of
muons stopping in the sample environment. _ne|ghb.or|ng Cu ions. Even if LEUQ, is expected_ 'to be an

The precessing component, which at a first glance appeal@smat'”g compound, some degr_ee c_Jf electron itineracy has
to have one single frequenay, turns out, on closer analysis P€€n used for successful modeling in other contEke-
to have an asymmetric distribution of frequencies. Such affently it has also been observed, for a similar parent com-

asymmetric field model is actually theoretically justified in POUnd of high temperature superconductors,(&,Cl),
the present situation, as will be shown in Sec. Il C. This isthat a remnant Fermi surface exists, even if the material is

also indicated by a frequency analysis using the maximunfonsidered as a Mott insulatt. _
entropy method® as shown in Fig. @. For the distribution of the magnitudes of the Cu moments

«SR allows us, in principle, to obtain a full frequency &round each Zn ion in the ¢2)0, plane we use a modified
distribution by Fourier transforming the time spectra, but thiskohn-Friedel equation
would require a data collection time that was not deemed
realistic in the present case. Therefore, the data from the 0 coq 2Ker)
Zn-doped samples were first analyzed with one single fre- tev= ket Co (2ker)2 @)
quency and then with a two-frequency model. The two-
frequency fit should pick up the basics of a model where thevhere ,u?:uzo.S,uB. Similar oscillating RKKY terms have
randomly distributed Zn ions give rise to a significant changebeen used for instance by Mydoshall’ for spin glass sys-
in the Cu moments in their vicinity. tems such as Mn in an Au matrix, but here the situation is
Least square fitting including a second component with aeversed since the Zn ions form nonmagnetic perturbation
frequency close to the main frequency clearly improves theenters in an otherwise perfect magnetic matrix. A simple
analysis of the experimental data as seen in Fig).3’hey  model of the Fermi surface in the 2D lattice of the(€)JO,

were therefore fitted with the function planes in LaCuQ, is a square whergk,|+|k,|=m/a. A
somewhat more complicated surface was used by Bifas
P(t)=A;G;(t)cog @ t+ ) + A,Go(t)cog wot + ) doped LaCuQ,. For our simulation we used a constant value
of kg, which corresponds to a circular Fermi surface.
+An(t), 2 Using the valueky=0.6 A~! we calculated the Cu mo-

ment distribution close to an implanted Zn ion. An example
where the damping of the “main” frequency() signal was is shown in Fig. 4, for 3% Zn atoms placed randomly in the
best described by an exponential relaxatiGn(t), while a  Cu(2)0, planes. The resulting field distribution at the muon
Gaussian relaxation functiog,(t), was used for the satel- site(0.253, 0, 0.16Ris shown in Fig. 5. It is clearly seen that
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Lo 000 sponded to a total paramagnetic moment of 03§/Zn ion
800 t for oxygen contentz=6.92 and 0.86ug/Zn ion for z
=6.64. From the frequency shifts and fherelaxation times
they concluded that only the Cu moments nearest to the Zn
600 were strongly modified. In a¥®y NMR experiment they
could follow theT dependence of the satellites for Y atoms
closest to the Zn ionéwhere they have 5 Cu neighbors, out
0 of which 2 are nearest neighbors of the)zmd Y atoms at
next nearest neighbor positions with respect to Zn.

All the above-mentioned information is consistent with
the model presented here, including the applicability of
RKKY, as mentioned in Ref. 6. However, most of the cited
results refer to effects of Zn on the nearest neighbor Cu sites,
whilst the present experiments, which use positive muons as
h o pn o randomly placed magnetic probes, show that Cu moments at

B [mT] considerably larger distances are also perturbed. This is what
* would be expected when an RKKY-like oscillation of the

FIG. 5. Calculated distribution of local fields at the muon site in magnitudes of the Cu moments is imposed on the AF-
3% doped LaCuQ, obtained with the Cu moments of Fig. 5. coupled lattice.

It can be noted that a direct observation of Friedel oscil-
this model predicts a nonsymmetric distribution of fieldslations near Zn impurities in anothéBi-based high tem-
with the appearance of lower-frequency satellites. The “stanperature superconductor has recently been repétted.
dard” frequencyw,, corresponding to a field of 42 mT, is

expected to have a main satellite at approximately the posi- |\, MAGNETISM AND SUPERCONDUCTIVITY IN

Intensity

200

tion II. Th(_a agreement with our data is gooc_:i. The weak sec- La,CuO, BASED MATERIALS
ond satellite centered around 10 mT, see Fig. 5, could not be
fitted with the present spectra. AF fluctuations are now considered to be a main candi-

The model used here can also be compared with othetate for mediating Cooper pair formation in the high-
published data on Zn-doped high-temperature supercondudemperature superconductofsee, for instance, theoretical
ors. The work by Fioriniet al,'° Corti et al.? and Lichti  work by Pine$® and recent neutron scattering experiments
et al® refer to the LaCuQ, based materials, but it is also by Tranquadaet al?¥. It is therefore of interest to consider
relevant to discuss Zn-doping in the YBay compounds the implications of the present results for models based on
studied by Mahajaret al.® Sembaet al,” Walstedtet al.®  magnetic fluctuations.

Mendelset al,?° and Bernharet al,?* since the main effects ~ Nachumi etal® has studied superconducting

on magnetism and superconductivity are assumed to stets;_,Sr,CuQ, material doped with Zn to about the same
from changes in the G2)O, planes which are of similar concentrations as in the present study with respect to changes
nature. in the superconducting carrier density as a function of

From magnetic measurements Fioratial1® found that increasing Zn content. The variation iy can be obtained
Zn destabilizes the AF order much more than expected fronfrom wSR experiments by measuring tjeSR linewidth o
random dilution and that it induces uncompensated moments 1/A? where the penetration lengthcan be written as
in the Cu(2)Q planes. Both Cortét al.® using *®.a NMR,
and Borsaet al,?? using uSR found that forx<0.05 there A= (eom* c?/ngeZy) 2 (4)
are paramagnetic regions around the Zn ditgsich appear
to freeze into a spin-glass-like state below 10Q Khese in the so-called “clean limit” where the coherence length
paramagnetic momentsf total magnitude 0.36ug/Znion)  is much shorter thah the mean free path. Nachumi’s results
were assumed to be induced by perturbation of the AF ordeare reproduced in Fig.(6). The authors interpret their results
on Cu sites close to the Zn ions. A further observation byin terms of the so-called “Swiss cheese” model, where each
these authors was that the magnetic correlation length variedn ion is supposed to be surrounded by a zone of m@
only slowly with x, indicating a metallic type of coupling in  from which superconducting carriers are excluded. Their fit
the Cu(2)Q planes. In the YBaGD, system, Walstedt to the data for different Zn dopingshown as a dotted line in
et al® studied the®3Cu(2) NMR linewidth and found that it Fig. 6(@)] gives a dead zone radius &f,~ 6a.
followed a T~ ! dependence, which would be expected if A similar calculation[shown in Fig. 6b)] based on our
there is a distribution of Q@) moments caused by an model shows which fraction of the AF plane that would be
RKKY-mediated perturbation. From the measured Curieallowed if the limit for superconducting carrier transport
term in the susceptibility, they derived a paramagnetic mowould be an inhomogeneityu/u of 1, 3, 5 or 10%if large
ment slightly exceeding 1ug/Zn ion which was assumed to inhomogeneity is allowed, more of the area is availatifer
be due to an unbalance in the four nearest neighb@2)Cu agreement with Nachumi’s data, a 3% inhomogeneity seems
AF-coupled spins. Mahajaat al® also attributed the mag- to be sufficient. In our model this corresponds to dead zones
netic perturbation to the four NN @2)'s, which corre- with a radius of & around each Zn ion. These two indepen-
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FIG. 6. (a) Influence of Zn doping on the superconducting carriersng/m*, in La, ,Sr,CuQ, [from Nachumiet al. (Ref. 25]. The
dashed line is corresponding to a dead zone around each Zn impurity with a fitted radibs Blodel calculation of the relative areas in
the Cu-O planes that would allow superconductivity if the “inhomogeneity limits” are s¢A o/ u|=0.10,0.05,0.03,0.01, dashed curves
(from top to bottom. Data points from Ref. 25; sg@).

dently obtained values for the dead zones are in excellerthe superconducting energy gap=3kgT,=60 K in the Sr
agreement and can be taken as a support for the magnetioped LaCuQ,.
carrier mechanism in the high temperature superconductors.

If AF fluctuations are involved in the mechanism for super-

conductivity in the high-temperature superconductors, they

must expected to be sensitive to magnetic inhomogeneities. The present experimental frequency distribution in the
It is known from neutron scattering that AF fluctuatidé ;SR spectra can be well described with a model where the
sufficient energy to sustain superconducting coupling at temey moment perturbation is an oscillating function of the dis-
peratures up te=100 K (Ref. 12] are still present even in  tance to the Zn atoms. We then find that the AF lattice in
the Sr-doped material, although with short correlation| a,CuQ, is perturbed even at relatively large distances from
lengths. A basic condition for transport of charge carriers viazn impurities.

AF-fluctuations must be that they should not be perturbed |f the pairing mechanism in these materials is of magnetic
locally by an inhomogeneity in the magnetic energy largercharacter it should be expected to be sensitive to magnetic
than the superconducting energy gagptself. Since the AF  inhomogenities. We find that the inhomogenity around each
coupling energy, in E,=—JS$;S,, is of the order of 1000 zn atom is such that it can explain the decrease of supercon-
K, it is interesting to note that a 3% Zn impurity level cor- ducting carriers upon increase of Zn concentration in La-Sr-
responds te=30 K, which is a magnitude similar to that of Cu-O, as determined by Nachufii.

V. CONCLUSIONS
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